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Abstract
Anacystis nidulans is a rod-shaped, freshwater cyanobacterium. Like other
cyanobacteria, it is an obligate photoautotroph that is similar to gram-negative bacteria in
cell wall structure, replication and ability to harbor plasmids. Anacystis nidulans is often
used as an indicator of the presence and level of pollutants in the environment. Mercury,
iron, cadmium, and zinc are among the heavy metal contaminants found in the
environment and in bodies of freshwater through industrial discharges, agricultural runoff
and sewage treatments. In very low concentrations, they do not pose any threat to the
environment, but high concentrations can be lethal. Different microorganisms vary in
their tolerance to heavy metals based on exposure and physiological and/or genetic
mechanisms.
In this study, the combined effects of the heavy metal iron with cadmium,
mercury, or zinc were used to study their effects on the growth of A. nidulans. The
concentration of iron used was 10 mg/L for all studies done. However, varying
concentrations of cadmium, zinc and mercury were used in combinations with the
constant iron concentration. The concentrations of cadmium used were 5, 10, 20, 25, 50
mg/L. For zinc, the concentrations used were 10, 25, 50, and 75 mg/ L. Concentrations of
mercury used were much lower, 0.5, 1, 5 and 10 mg/L, because mercury is known to be
the most toxic heavy metal. For the study of the combined effects of iron and mercury,
several passages were done; and some resistant cells were observed and isolated. The
resistant cells were used to conduct preliminary research on locating the heavy metal
resistance genes. The results of the plasmid miniprep suggested that there might be an
induced expression of a plasmid, which may be linked to resistance. Additional research

must be done to further understand the mechanisms of heavy metal resistance in A.
nidulans.
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Introduction
Cyanobacteria Background
Cyanobacteria, formerly known as blue-green algae, constitute one of the largest
groups of prokaryotes (19, 38). They include organisms with various morphologies, cell
division patterns, and habitats (11, 38). These organisms are an essential part of the food
chain and many of them are able to fix nitrogen. Cyanobacteria are unified in their ability
to carry out plant like photosynthesis using water as an electron donor and the possession
of chlorophyll a, phycocyanin and phycobiliproteins as photo synthetic pigments (38),
which give cyanobacteria their characteristic blue-green color (27). They are also able to
utilize CO2 as the sole carbon source employing the Calvin cycle (38). It is generally
believed that the cyanobacteria were the first major group of photoautotrophs to arise
with a two stage photosynthetic pathway capable of oxidizing water to molecular oxygen
(11). They probably arose some three billion years ago from anoxygenic phototrophs that
developed a photosystem that could use H2O as an electron donor for photosynthetic CO2
reduction and releasing molecular oxygen as a byproduct (27). Fossil records suggest that
cyanobacteria are one of the oldest existing living organisms, and may have dominated
the Earth’s biology during the middle-late Precambrian period (Proterozoic, ca. 2500-570
million years ago). It has also been proposed that cyanobacteria were the major
contributor for the generation of oxygen in the atmosphere (32, 34).
There are many different morphologies and cell division patterns associated with
cyanobacteria. Unicellular and filamentous forms are known and they are divided into
five basic morphological groups. (1) unicellular dividing by binary fission; (2) unicellular
dividing by multiple fission (colonial); (3) filamentous containing hetrocysts which
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function in nitrogen fixation; (4) filamentous non-heterocystous forms; (5) and branching
filamentous types (27). Cyanobacterial cells also range in size from 0 .5 -6 0 pm in
diameter (27).
As with the various morphologies, cyanobacteria are frequently found in marine,
brackish, and fresh waters, including freshwater surface drinking sources, such as lakes
and drinking water reservoirs (27). They are the organisms mainly responsible for the
production of algal blooms, that is, periods of exuberant growth. In freshwater, algal
blooms in cyanobacteria are caused by nutrient enrichment from sewage, agricultural
fertilizers and industrial run-off into waterways (30). They cause oxygen depletion
leading to the death of 02-requiring organisms within the water (5, 6), a foul odor and
unpleasant taste in drinking water (30).
Not only do cyanobacteria disturb oxygen stores and cause an unpleasant odor
and taste in water, but some cyanobacteria also produce harmful toxins that may affect
the local ecosystem, including humans, which use the source as drinking water (17). 2530% of known freshwater cyanobacteria genera have been identified as toxin producers
(17). Generally, toxins produced by these organisms are separated into three groups:
dermatoxins, neurotoxins, and hepatotoxins (6). Some cyanobacteria are able to produce
several toxins at a time during a single bloom, causing adverse effects on the health of the
organisms in the local ecosystem. Toxins are released into the environment as a result of
cell lysis; therefore the use of algacidal agents in an attempt to control blooms may
worsen the water quality for consumption and use (10).
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Anacystis nidulans
Due to cyanobacteria’s ubiquitous nature, and their adaptability to the most
ecological environments, they serve as excellent models for the investigation of various
biological problems, including indicators of environmental pollution (7). A unicellular
organism, Anacystis nidulans, has been used in many studies to assess the effect of heavy
metal toxicity as an environmental pollutant (19).
Anacystis nidulans, is a non-motile, unicellular, rod-shaped organism, which is
similar to gram-negative bacteria in cell wall structure, replication and ability to harbor
plasmids (20). Anacystis nidulans was first isolated by M. B. Allen in 1952 from Waller
Creek, Austin Texas and described by Myers and Kratz in 1955. It belongs to the first of
the morphological groups mentioned previously with a diameter of 1-2 pm (Figure 1 and
2 ).

Transmission electron microscopy analysis illustrates its cell wall as containing
peptidoglycan, and the photosynthetic lamellae, which are regularly arranged in three to
four concentric circles around the periphery of the cytoplasm. Each membrane being
approximately 10 nm in thickness with two electron-transparent layers surrounding an
electron dense core. The area between the membranes is of even density, and is the
location of the protein complexes, which contain the accessory photosynthetic pigment,
phycocyanin (1, 35). The central region of the cell is the nucleoplasm, which contains
DNA, ribosomes and carboxysomes (polyhedral structures which contain ribulose
bisphospahte carboxylase) (35).
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Figure 3. Transmission electron micrograph (TEM) of A. nidulans. The
photosynthetic lamellae appear on the periphery of cell.

Heavy Metals Background
Heavy metals, which make up 53 of the 90 naturally occurring elements, are
metals with a density above 5 g/cm3 (31). Most heavy metals are transition elements with
completely filled “d” orbitals. These “d” orbitals provide heavy-metal cations with the
ability to form complex compounds that may be able to participate in redox reactions
(31). Therefore, heavy-metal cations play an important role as trace elements in complex
biochemical reactions, but in high concentrations, heavy-metal ions form unspecific
complex compounds in the cell, which leads to toxic effects (31).
The effects of heavy metals on cyanobacteria have been studied using a number
of species and a variety of heavy metals listed as target heavy metals by the EPA (40). As
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Figure 1. Photograph of A. nidulans under a compound light microscope at a
magnification of 500X.
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described previously, A. nidulans has been used as an indicator species for the
determination of heavy metal pollution in the environment. Large amounts of either
essential or non-essential elements can be toxic (37). Heavy metal pollution of aquatic
environments comes as a result of natural weathering processes of the earths crust, but
industrialization and urbanization have lead to an increase in contamination of aquatic
environments, mainly from industrial drainage, pest or disease control agents applied to
plants, urban runoff, mining, soil erosion, sewage effluents, air pollution fall out and
others (19 - 22). Heavy metal pollution of the marine environment has become an issue of
major concern, because most of the heavy metals are disposed of in streams, lakes and
reservoirs and accumulate without decomposition (29). Among the heavy metals that
pollute the environment, and are listed by the EPA as target heavy metals, are iron (Fe),
zinc (Zn), cadmium (Cd), and mercury (Hg). Heavy metals such as these can move into
the food chain and do great harm to animals, and eventually, human health (7). Therefore,
the health of the ecosystem depends on a functional microbial community and adverse
effects on microorganisms present a serious problem (22).
Iron is an essential microelement needed for the growth of all organisms. It is a
necessary component of oxygenic photosynthetic electron transport chains as well as
respiratory-transport complexes in cyanobacteria (18). Iron deficiency caused by other
heavy metals inhibits chlorophyll biosynthesis in cyanobacteria (19). Ferric chloride
(FeCb), an inorganic form of iron, has three general uses: it is used as a flocculating
agent for water treatment, it is used as an etching agent for engraving, photography and
printed circuitry, and it is used as a disinfectant. In high concentrations, it can be
hazardous to ones health if ingested, and can be a strong irritant if contact is made. On a

6

microbial scale, it is known to be a trace element needed for the growth of
microorganisms. Iron is important in the development of the photosynthetic apparatus
and the production of ribosomes in both cyanobacteria and higher photosynthetic
organisms (35).
Cadmium is a toxic heavy metal not known to have a function relating to the
normal growth and metabolism of microorganisms (19). Cadmium used in processes like
electroplating, alloy preparation (29) and smelting (2). Once disposed, it can contaminate
soil and ground water, leading to accumulation in plants, invertebrates and
microorganisms (29). On a cellular level, bioaccumulation of cadmium generally occurs
in two stages: short-term physical sorption at the organism’s cell surface; and long-term
uptake, which involves intracellular accumulation (15, 29). In high concentrations, it is
lethal to the organisms in the environment, however in low to moderate concentrations,
bioaccumulation occurs, affecting a variety of organisms in a particular contaminated
ecosystem, and ultimately, humans. It is toxic and may be fatal if inhaled, ingested, or
absorbed by the skin. In humans, cadmium accumulates in the liver and kidneys and has a
long biological half-life ranging between 17 and 30 years (12). Cadmium toxicity mainly
occurs in two organ systems, the renal and skeletal systems (12).
Zinc is also an essential trace element for all living organisms, which is found in
small amounts in nature. Zinc deficiency affects early mitotic events and the cells are
large and aberrant in appearance (19). As an industrial contaminant, zinc has been found
to block photosynthesis by causing structural damage to the photosynthetic apparatus in
phototrophs (19). It is used in commercial industries and can be released into the
environment during mining and metal processing. People living near these industries

7

could be exposed to higher levels of zinc by drinking water, breathing air, and contacting
soil contaminated with the metal. Exposure to high levels of zinc over long periods of
time may cause adverse health effects. Bioaccumulation of zinc within cyanobacterial
cells also occurs in two stages, as with cadmium; first, adsorption at the level of the cell
surface, which is then followed by a metabolism -dependent intracellular cation intake
mechanism (15).
Mercury is one of the most lethal heavy metals studied with no known biological
significance (40). It is found in rocks, soil and water and is relatively insoluble in its
elemental, inorganic (mercuric chloride) or organic form (methyl and dimethyl mercury)
(40). It is used in the production of fungicides, insecticides, wood preservatives,
electrodes, and pharmaceuticals (40). Mercury exhibits high toxicity to photosynthesis,
including both light and dark reactions in phototrophic organisms (23). In humans, it may
be fatal if swallowed and is harmful if inhaled or absorbed by contact with skin. Mercury
is a severe irritant to the eyes, skin, and respiratory tract. It also may cause bums, damage
to the kidneys and central nervous system. Mercury is also known to cause birth defects
in developing fetuses. Bioaccumulation of mercury in cyanobacteria occurs in the same
mechanisms mentioned previously for zinc and cadmium (15).
Several studies have been done discussing the effects of heavy metals on
cyanobacteria and in specific A. nidulans (20 - 22, 24 - 26). In many cases, high
concentrations (50 ppm and higher) of heavy metals were lethal to the growth of A.
nidulans. Different heavy metals are associated with different inhibitory actions. For
example, iron, a bioelement needed for all organisms (31), has been shown to have
inhibitory actions on A. nidulans at concentrations above 200 mg/L Fe3+ (my research
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data). Zinc is an important metal needed as a component in a variety of enzymes and
DNA-binding proteins (31). It can be complexed by various cellular components and
transported by a variety of protein families (31). The toxicity of zinc is similar to the
toxicity of copper, nickel and cobalt (19, 20 - 21, 31), although, it is less toxic to A.
nidulans than other heavy metals, like cadmium and mercury (19, 31) A previous study
had shown that 50 ppm Zn

severely inhibited the growth of A. nidulans, while higher

concentrations of zinc completely inhibited the growth of the cells (19).
Cadmium (Cd), the best-known toxic heavy metal, has been the center of many
toxicity studies but no specified mechanisms of action have been highlighted (31).
Research done on the effects of cadmium on microorganisms has shown that
concentrations of 25 mg/L of Cd2+ severely inhibited the growth of the microorganisms
(16). However, mercury is the most toxic heavy metal, having a strong affinity to sulfides
within organisms. Because of its high toxicity, mercury has no beneficial function (31).
According to earlier research done to assess the effect of mercury on the growth of algae
and cyanobacteria, it was concluded that only 5 mg/L of Hg was needed to severely
inhibit the growth of the cells (40, 15, 22).
Combination studies, as the one done by Lee et al. (2002), determine the effects
of 2 heavy metals on the growth of an organism. The goal of the Lee et al. (2002) study
was to determine the effects of mercury and selenium, in combination, on the growth of
A. nidulans. The reason this combination was made was because selenium is much less
toxic to the growth of cyanobacteria in comparison to mercury (22). It was thought that
the lower concentrations of selenium might reduce the toxicity of mercury. However, the
study showed that the selenium did not produce a significant beneficial effect on the
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toxicity of mercury in A. nidulans (22). Along the same line, other combinations of heavy
metals with mercury have also been studied to show the possibility of an antagonistic
effect. For example, iron, a necessary element found in biological systems, may play an
improved role in reducing toxicity of mercury. This applies to free-living cyanobacteria
in a better way because they are usually exposed to many heavy metals at a given time,
and not just a single heavy metal, as in previous studies.

Microbial Heavy Metal Resistance
Naturally occurring prokaryotic organisms have been shown to create microbial
mats, which are cohesive, laminated microbial communities dominated by
photoautotrophic cyanobacteria (3,9). They have been found in many extreme
environments like, hot springs and deep-sea hydrothermal vents (3). These communities
of cells can sequester organics and heavy metals from their environments because of the
complex and firm structures these organisms form. At certain concentrations, organisms
grown in culture can sequester toxic heavy metals by the uptake systems mentioned
previously.
Each heavy metal discussed previously has its own putative mechanism in
bacterial cells, which may or may not be similar to mechanisms in cyanobacteria. For
example, ferric specific ligands (siderophores), are responsible for binding complex
compounds of iron (Fe III) (31, 39). Siderophores function using a two-step process:
solubilization of iron in the microenvironment around the cell occurs by the utilization of
hydrophilic siderophores, which is followed by an exachange of the bound Fe III to a
surface associated hydrophobic siderophore. Due to its low solubility, Fe3+ is not toxic to
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aerobic bacteria (31), and it predominates under physiological conditions as the highly
insoluble ferric hydroxide complex (18). Other heavy metals, like zinc, cadmium and
mercury have different uptake mechanisms, each depending on the structure, solubility
among others. Zinc, in its Zn2+ form, is accumulated by the Mg2+ transport system found
in some bacteria. When the cell needs zinc, transporters at the cell surface take it up.
ATPases may be able to transport zinc in both directions, bringing about its uptake as a
byproduct of Mg2+ -uptake again, and its efflux as detoxification (31). Metal transport
systems specific to magnesium (MIT), or manganese uptake system are responsible for
the uptake of Cd2+ (31). Also, Smt’s (metallothionein proteins) have been characterized
in cyanobacteria (4.). Increased amplification of the metallothionein locus increases
cadmium resistance, and decreased amplification decreases resistance (13, 14). Mercury,
the strongest toxin, is taken up at the periplasmic level of the cell by mers, which are
mercury resistance determinants (31, 36). This may explain that because bacteria are very
likely to be confronted with toxic concentrations of mercury, so these mercury resistant
determinants are very widespread (Figure 4) (31). The mercury is reduced within the cell
and leaves by utilizing passive diffusion in its elemental form, to be oxidized by another
cell (31). Due to mercury’s high affinity to sulfide, it is possible that metallothioneins are
capable of sequestering this highly toxic heavy metal in cyanobacteria. Metallothionein,
a low molecular weight, cysteine rich, metal binding protein that exists in a variety of
species (8). Each domain binds metal ions with ligation through metal thiolates at the
cysteine residues, so ligation is very strong (8). These characteristics suggest
metallothioneins play an important role in heavy metal detoxification by allowing the
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Figure 4. Protein families involved in bacterial heavy-metal metabolism.
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cyanobacteria to thrive in toxic conditions. This would permit the utilization of resistant
strains of cyanobacteria in bioremediation. Bioremediation is a process of detoxifying
bodies of water or earth from toxic heavy metals using organisms, especially ubiquitous
organisms like cyanobacteria (28).
The genome size of A. nidulans initiated in our environmental laboratory is
approximately 2.7 x 103 kb with a GC content of 55%. The metallothionein gene in a
cyanobacterium closely related to A. nidulans, Synechococcus PCC 7942, has been
sequenced and is readily available through www.ncbi.nlm.nih.gov. This gene results in a
polypeptide that is 56 amino acid residues in length. However, it has not been
documented whether the expression of metallothionein caused resistance to mercury in A.
nidulans.

Proposal of Research
The objectives of this thesis are as follows:
I.

To study the effects of various heavy metals on Anacystis nidulans
a. Effects of microelements on the growth of A. nidulans.
Many heavy metals have been used to (Al, Hg, Mn, Zn, Cd, Pb) evaluate the

effects of toxic heavy metals on A. nidulans, a primary producer in the food web. In order
to study the combined effects of heavy metals, the effect of metals that are microelements
necessary for the growth of A. nidulans needed to be assessed. The effects of selenium
(21) and iron on A. nidulans were addressed in order demonstrated that they are able to
reduce the toxicity of toxic heavy metals.
b. Combined effects of heavy metals on A. nidulans.
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Once results were obtained from the study obtained above, combinations of
selenium and cadmium were studied. Also, combinations of iron and zinc, cadmium and
mercury were made to assess their effects on the growth of A. nidulans.
II.

To isolate and study a resistant strain of Anacystis nidulans.
After obtaining results from the combined effects of iron and mercury study, the

cultures were passaged several times and their resistance to concentrations of mercury
was evident through turbidity, direct cell counts, and morphology studies. There was a
reduction in toxicity of mercury in the presence of iron with the passaging of the cells.
III.

To provide insight into A. nidulans ’ molecular mechanisms of resistance
to mercury in the presence of iron.
Once resistant A. nidulans were isolated, a plasmid miniprep generated results

that demonstrated the presence of a resistance mechanism through the replication of a
plasmid that possibly contains genes for mercury resistance. Also, PCR amplification was
used to determine if there was increased expression of metallothioneins by using primers
from a closely related organism Synechococcus PCC 7942.
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Materials and Methods
I.

Maintenance of cultures of Anacystis nidulans
a. Culture and Maintenance of A. nidulans
Anacystis nidulans was obtained from Dr. Roy McGowan, Brooklyn, NY.

Approximately lxlO6 cells/mL A. nidulans were inoculated aseptically into a 250 ml
Erlenmeyer flask with 100 ml Mauro’s Modified Medium (sterilized 3M medium)
adjusted to a pH of 7.9 using NaOH or HC1 (Kratz and Meyers, 1955). The culture was
grown in ambient temperature, constant fluorescent light and continuous agitation at 100
rpm (Lee et al., 1982). Cell growth was monitored by direct cell count using
hemacytometer and turbidity study using a Bausch and Lomb Spectronic 20 at OD75onm
(Hwang, 1980). The pH of the culture was checked both at the beginning and at the end
of the 24-day growth period. The culture was also checked periodically for bacterial
contamination by plating on nutrient agar.
II.

Preparation of heavy metal concentrations used for studies
a. FeCl3
Stock solutions of 10% (10 mg/L) ferric chloride were prepared with triple

deionized water in a sterile, opaque container so as not to allow the entrance of light.
b. CdCl2
A stock solution of 1% (104 mg/L) cadmium chloride was prepared, as above,
with triple deionized water in a sterile container.
c. ZnCl2
A stock solution of 1% (104 mg/L) zinc chloride was prepared, again, as above,
with triple deionized water in a sterile container.
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d. HgCl2
A stock solution of 1% (104 mg/L) mercuric chloride was prepared as previously
described with the heavy metals above.
III.

Introduction of FeCb in varying concentrations into cultures of Anacystis
nidulans.
Anacystis nidulans was inoculated into several Erlenmeyer flasks containing 100
n

mL sterilized 3M medium at a concentration of approximately 1x10 cells/mL. Each flask
was prepared with a different final concentration of ferric chloride: 1, 5, 10, 25, 50, 100,
150, 200 mg/L were the concentrations used, in addition to a control to which no FeCl3
was added. Three repeatings were done for each inoculum.
The growth of the culture was determined, as previously described, by a direct
count of the cells in a hemacytometer counting chamber and by indirect turbidity reading
using a Bausch and Lomb Spectronic 20 at OD750nmover a period of 24 days. The pH
readings were taken at the beginning and end of the experiment.
IV.

Introduction of combinations of concentrations of FeCb and the previously
described heavy metal solutions
a. Combinations of FeCE and CdCl2
Anacystis nidulans was inoculated into several Erlenmeyer flasks containing 100

ml sterilized 3M medium at a concentration of approximately lxlO7 cells/mL. Each flask
contained a fixed FeCb concentration of 50 mg/L, and varying concentrations of CdCl2:
5, 10, 20, 25, 50 mg/L were the concentrations used, in addition to a control to which no
heavy metals were added. Three repeatings were done for each inoculum.
The growth of the culture was monitored as previously described.
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b. Combinations of FeCl3 and ZnCh
Anacystis nidulans was inoculated into several Erlenmeyer flasks containing 100
mL sterilized 3M, Mauro’s Modified medium at a concentration of approximately lxlO7
cells/mL. Each flask contained a fixed FeCb final concentration of 10 mg/L, and varying
final concentrations of ZnC^: 5, 10, 20, 25, 50 mg/L were the concentrations used, in
addition to a control to which no heavy metals were added. Two repeatings were done for
each inoculum.
The growth of the culture was measured as previously described.
c. Combinations FeCh and HgCh
Anacystis nidulans was inoculated into Erlenmeyer flasks containing 100 mL
sterilized 3M medium at a concentration of approximately 1x10 cells/mL. Each flask
contained a fixed final FeCh concentration of either 10 mg/L or 50 mg/L, and varying
concentrations of HgCL: 0.5, 1,5, 10 mg/L were the concentrations used, in addition to a
control to which no heavy metals were added. Two to four repeatings were done for each
inoculum.
The growth of the culture was measured using a direct count of the cells in a
hemacytometer counting chamber and by indirect turbidity reading using a Bausch and
Lomb Spectronic 20 at OD75onm over a period of 24 days. The pH readings and were
taken at the beginning and end of the experiment. Cell morphology was also observed at
the beginning and end of the study at lOOOx magnification using the Nikon Eclipse E200
Phase contrast microscope with Digital camera.
V.

Culture maintenance of resistant Anacystis nidulans
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a. Réintroduction of resistant A. nidulans into combinations of FeC^ and
HgCh: First Passage
Resistant Anacystis nidulans cells were isolated and grown in the presence of 10
mg/L FeCh and 0.5 mg/L HgCl2 and 100 mL sterilized 3M medium. Once grown to a
n

concentration of approximately 1x10 cells/mL, the cells were reinoculated into fresh,
sterilized 3M media containing a constant FeC^ concentration of 10 mg/L and varying
concentrations of HgC^: 0.5, 1,5, 10 mg/L were the concentrations used, in addition to a
control to which no heavy metals were added. Two repeatings were done for each
inoculum.
The growth of the culture was monitored as previously described above. The pH
readings were taken at the beginning and end of the experiment.
b. Further culture maintenance of resistant A. nidulans in combinations of
FeCh and HgCh: Second Passage
Resistant cells cultivated from above were passaged into their corresponding
heavy metal concentrations and into sterilized 3M media only as controls. Cells grown in
the presence of 10 mg/L of FeC^ and 0.5 mg/L HgCL were re-inoculated into fresh 3M
media prepared with the same heavy metal concentrations and a control with only 3M
media. Cells grown in the presence of 10 mg/L FeCL and 1 mg/L HgCL were re
inoculated into fresh 3M media prepared with the same heavy metal concentration and a
control with only 3M. Cells grown in the presence of 10 mg/L FeC^ and 5 mg/L HgCl2
were re-inoculated into fresh 3M media containing the same concentrations of heavy
metals and a control with only 3M media.
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All cells were grown in a 30°C incubator with constant fluorescent light and
continuous agitation at 100 rpm (20). Cell growth was monitored by direct cell count
using a hemacytometer and turbidity study using a Bausch and Lomb Spectronic 20 at
OD750nm. The pH of the cultures was checked both at the beginning and at the end of the
21-day study period.
VI.

Verification of possible resistant Anacystis nidulans
a. Maintenance of resistant A. nidulans in combinations of FeCb and HgCh:
Third Passage
Resistant cells cultivated from the procedure above, were centrifuged at 5000 rpm

in (the name and model of the centrifuge) in 15 mL sterile Fisher centrifuge tubes for 15
minutes and washed twice with fresh sterilized 3M medium and re-introduced into fresh
3M medium containing their corresponding heavy metal concentrations along with the
necessary controls. Resistant cells acquired from the 10 mg/L FeCl3, 5 mg/L HgCl2 in 3M
medium culture, were also re-inoculated into the lower concentrations of heavy metal in
order to test their resistance. The cultures were all grown in the same conditions as
mentioned previously. Both pH and morphological studies were done at the beginning
and end of the study. Cultures were checked by plating on nutrient agar to verify that
there was no contamination.
b. Maintenance of resistant Anacystis nidulans by plating
Resistant cells were plated on 3M agar plates made with 3M medium broth
containing 2% agar. As positive controls, samples from all cultures were plated on 3M
only, and the corresponding heavy metal concentration was added to each experimental
agar plate in its liquid state in order to verify existence of resistant strains of Anacystis
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nidulans. The agar plates were placed in a 30°C incubator with constant fluorescent light
for a period of time until colonies were clearly visible.
VII.

Molecular study of possible resistance mechanisms
a. Qiagen plasmid mini-prep (Qiaprep spin miniprep kit, 27106) of FeCb,
HgCh, resistant A. nidulans cells
Five milliliters of A. nidulans cells (including the controls) at an OD75onmof above

1.300 were pelleted (5000 rpm for 15 min) and resuspended in 1.5 mL 3M media. The
concentrated samples were placed in a 1.5 mL eppendorf tubes and centrifuged for 5
minutes at 14,000 rpm in (the name of the machine). The samples were decanted and the
pellets were resuspended with 250 pL PI resuspension buffer and vortexed until no
clumps were visible. P2 alkaline lysis buffer (250 pL) was added to the tubes and were
mixed by inverting tubes four to six times. N3 neutralization buffer (350 pL) was then
added, and the tubes were immediately inverted to mix. The samples were centrifuged for
10 minutes at 14,000 rpm, the supernatant was transferred to the spin column in a 2 mL
collection tube. The samples were centrifuged and the flow through discarded. The spin
column was then washed by the addition of 0.75 mL PE buffer with ethanol added, and
centrifuged again. The flow through was also discarded. The plasmid trapped within the
spin column was then eluted with 50 pL elution buffer into a 1.5 mL eppendorf tube and
were prepared for agarose gel electrophoresis. Ampicillin resistant E. coli cells obtained
from Dr. Quinn Vega, were used as controls and prepared as described above.
b. Gel electrophoresis of Qiagen plasmid miniprep samples
Two 0.8% agarose gels were prepared by dissolving 0.8 g of agarose in 100 mL
of IX TBE (tris-borate EDTA), and were cast in gel electrophoresis apparatuses until
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solidified. The electrophoresis apparatuses were filled with IX TBE until the agarose gels
were covered, and were loaded with 5 pL of Hi-Lo DNA marker (Bionexus, Inc, Product
code: N2050) in each of the gels’ first lanes. The samples were loaded into the rest of the
lanes by mixing 3 pL of A. nidulans ’ plasmid mini-prep product with 6 |uL of sterilized
deionized water and 1 pL of 10X loading dye. The samples were elecrophoresed at 100 150V for approximately one hour. They were then stained with lpg/pL ethidium bromide
for 15 minutes, destained in tap water for another 15 minutes, viewed under ultraviolet
light, and photographed using the Kodak Imaging Station
c. Polymerase chain reaction (PCR) amplification of metallothionein in
FeCh, HgCh resistant A. nidulans.
i. Isolation and extraction of cyanobacterial genomic DNA
5 mL of each stationary phase culture of A. nidulans from the third passage were
centrifuged at 5000 rpm for 10 minutes. The pellet was resuspended in 200 pL of 10%
chelex at a pH of 10.5 obtained from Dr. Jack Gaynor, and transferred to a sterile 1.5 mL
eppendorf tube. The solution was incubated in a boiling water bath for 15 minutes and
cooled on ice for 1 minute. The tubes were placed in a microfuge and pulsed for 30
seconds. The supernatant was transferred to a fresh 1.5 mL eppendorf tube and placed in
a -20°C freezer until used.
ii. PCR amplification of metallothionein from DNA extracts
12.5 pL of PCR hotmix (Eppendorf Hotmastermix, 0032 002.714) was placed
into sterile 0.2 mL bubble cap PCR reaction tube along with lpL of DNA extract, 1.6 pL
of each forward and reverse primers (refer to Appendix A for sequences and final
concentrations of primers) and brought to a final volume of 25 pL using sterile deionized
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water. The reaction tubes were placed on a pre-warmed thermal cycler tray and the
reaction was set for 35 cycles of 95°C for 1 minute to denature the DNA strands, 50°C
for 1 minute to allow annealing of the primers, and 72°C for 2 minutes as the extension
time. Once the cycles were completed, the tubes were kept at 4°C in the thermal cycler,
and were placed in a -20°C freezer once taken out. PCR reaction samples were run on an
agarose gel, as previously described, in order to determine whether the correct region was
amplified.
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Results and Discussion
I.

Effect of selenium dioxide alone and in combination with mercuric
chloride and cadmium chloride on the growth of Anacystis tiidulans.
Many studies have been conducted demonstrating the effects of various heavy

metals on bacteria, cyanobacteria and algae. Different organisms responded in various
ways depending on the heavy metal they were exposed to. However, the heavy metals
that are of importance at this present time are the most toxic heavy metals, which
contaminate sources of ground water and soil. Microorganisms have an inherent ability to
adapt to their surroundings stemming from their evolutionary maturity. This adaptability
can help the environment if used cautiously, but can hurt the environment and the
biological entities within that ecosystem if ignored and not studied thoroughly.
Selenium is a heavy metal, which like iron, is a trace element essential for many
organisms, and is toxic in high concentrations. A study done on the effects of selenium
on A. nidulans indicated that concentrations up to 25 mg/L selenium did not affect the
growth, but concentrations greater than 50 mg/L severely inhibited the growth of the
microorganism (21). Although the lower concentrations of selenium did not appear to
affect the optical density and cell number in comparison to the control grown without
selenium present in the growth medium, there was a significant variation in the
morphology of the treated A. nidulans cells in higher concentrations. The cells were
double or more in length in comparison to the length of the control cells, however there
was no explanation of any mechanisms involved with this excess growth in length. The
results of the pH study were parallel to the optical density and cell number study. As
indicated in many studies, the pH of a sample at the end of an experiment when
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compared to the beginning of the experiment, shows if the sample is healthy. The
samples that grew in the presence of selenium concentrations, 10 and 25 mg/L, had pH
measurements that were very similar to the control. Concentrations that inhibited the
growth of the organism were very low, and did not differ much from the measurement
taken at the beginning of the study (21).
Based on the results above, another study was conducted to determine whether a
protective effect can occur if a constant selenium concentration was placed in
combination with the most toxic of heavy metals, mercury. However, according to the
results, selenium did not produce a significantly beneficial effect on the toxicity of
mercury in cyanobacteria (22). A quantitative approach was taken to determine the
percentage of mercury and selenium that remained in the media of the inoculated
cultures. Only 4.61% of the mercury remained in the media (without cells), but
approximately 82.77% of the selenium was recovered in the media. This indicates that
the mercury had a greater affinity to the cells than the selenium. Plus, it is also an
indication that the A. nidulans cells were much less permeable to the selenium since most
of it remained in the media. Therefore, it was suggested that it is necessary to investigate
this probable phenomenon using other organisms, and other combinations of heavy
metals with selenium in order to see if there is a protective effect occurring in comparison
to cyanobacteria growing in the presence of only a toxic heavy metal.

24

O

CeBi/raL xlOA7 (Man)

Figure 5.
Growth of Anacystis nidulans in 100 mL of 3M medium containing 10 mg/L
Se02 and varying concentrations (5 - 30 mg/L) of CdCl2. Error bars represent standard deviation.
A) Control (0 mg/L Se02, 0 mg/L CdCl2); B) 10 mg/L Se02, 5 mg/L CdCl2; C) 10 mg/L Se02,
7.5 mg/L CdCl2; D) 10 mg/L Se02, 10 mg/L CdCl2; E) 10 mg/L Se02, 20 mg/L CdCl2; F) 10
mg/L Se02, 30 mg/L CdCl2.

25

In order to test the proposed study above, the combined effects of selenium and
cadmium were studied. The concentrations tested for were a combination of a constant
concentration of selenium, 10 mg/L, and cadmium concentrations of 5, 7.5, 10, 15, and
30 mg/L (Figure 5). Figure 5A illustrates the standard growth curve of A. nidulans grown
only in 3M medium. Figure 5B-E show the growth curves at the respective combination
concentrations of selenium and cadmium. There is a slight decrease in the growth of the
organisms grown in the cadmium concentrations less than 30 mg/L cadmium when
compared to the standard growth curve. However, the growth is significant and is
maintained until 20 mg/ L cadmium, indicating that selenium does have an antagonistic
effect on cadmium. These results were also shown in the pH measurements done (Table
1). It has been previously reported in several studies that the pH of a healthy culture of
microorganisms has a basic pH that is higher than that of the pH taken on the first day of
the study (22, 24 - 26). The concentrations studied were only algacidal at the highest
Concentrations

pH (Mean)

Selenium (mg/L)

Cadmium (mg/L)

Day 1

Day 21

0
10
10
10
10
10

0
5
7.5
10
20
30

7.9
7.9
7.9
7.9
7.9
7.9

8.79
8.31
8.37
8.38
8.59
7.59

Table 1.
Time dependent changes of mean pH in cultures with varying
combinations of concentrations of Se02 (10 mg/L) and CdCl2 (5-30 mg/L) in 3M.
concentration of cadmium, 30 mg/L. Research done on the effects of cadmium alone on
green algae, Chlamydomonas reinhardtii, were algacidal at concentrations of 50 mg/L
and higher. The growth of the lower concentration, 25 mg/L, was severely inhibited (2).
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Cell s/inL x10A7 (Mean)
CellsAnL x 10*7 (Mean)
Figure 6.
Growth of Anacystis nidulans in 100 mL of 3M media with varying
concentrations (0 - 200 mg/L) of FeCl3. Error bars represent standard deviations.
A) 1 mg/L Fe€l3; B) 5mg/L FeCl3; C) 10 mg/L FeCl3; D) 25 mg/L FeCl3; E) 50 mg/L FeClgF)
100 mg/L FeCl3; G) 150 mg/L Fe€l3; H) 200 mg/L FeCl3.
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Figure 7.

Growth of Anacystis nidulans in 100 mL 3M media.

The results from the study on green algae correlate with the data in figure 5. The reason
that the effects differ slightly between the cyanobacteria and the green algae has to do
with the metabolism of the cadmium within the cells. Eukaryotic cells have a more
complex system, involving many proteins and other structures that relate to tolerance of
heavy metals when compared to prokaryotic cells (31).

II.

The effects of ferric chloride alone and in combination with zinc chloride,
cadmium chloride or mercuric chloride on Anacystis nidulans.
Iron, another bioelement, needed in the development of the photosynthetic

apparatus in A, nidulans, may also have a protective effect on the growth of the
cyanobacteria in the presence of a toxic heavy metal. This is based on results obtained
from a study that demonstrated the ability of A. nidulans to withstand high concentrations
of ferric chloride within the growth medium (Figure 6). The cells grown in the lower
concentrations of ferric chloride (1-5 mg/L) seemed to enhance their growth, but not
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significantly in comparison to the control (Figure 6A-B and 7). Concentrations between
10 and 50 mg/L ferric chloride (Figure 6D-F) were not affected by the presence of
increased concentration of the heavy metal and the curves generated were very similar to
the curve generated by the control. The concentrations which affected the growth of A.
nidulans were the three highest concentrations of ferric chloride used, 100 mg/L, 150
mg/L and 200 mg/L. 100 mg/L ferric chloride slightly inhibited the growth of A. nidulans
as seen by the short lag phase in the beginning. At 150 mg/L, the growth was inhibited
and can be seen in Figure 6G, where there is an apparent lag phase in the beginning of the
study indicating that cells incapable of withstanding high concentrations of the heavy
metal died. There is also a great deviation at the point at day 18 in the same figure. This
is an indication of the great variation that occurred from one culture to another. At the
highest concentration, 200mg/L ferric chloride, the A. nidulans cells were completely
inhibited. These results were reiterated in the pH study (Table 2). A high pH (pH > 9)
indicated that growth was sustained, while pH measurements below the initial reading
indicated complete inhibition in the growth of the cells.

FeCb (mg/L)

pH at Day 1

0
1
5
10
25
50
150
200

7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9

pH (Mean) at
Day 18
9.66
10.07
10.23
10.17
9.73
9.65
9.38
5.29

Table 2.
Time dependent changes of mean pH in cultures of A. nidulans in
the presence of varying concentrations (0 - 200 mg/L) of ferric chloride.

29

The ability of A. nidulans to tolerate high levels of iron because it is an important
bioelement needed for several metabolic processes demonstrates iron’s ability to have an
antagonistic effect on heavy metal toxicity. The first of the iron combination studies done
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Day
Figure 8.
Growth of Anacystis nidulans in 100 mL 3M medium containing 0-10 mg/L
FeCl3 and varying concentrations of ZnCl2 (0-75 mg/L). Error bars represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L ZnCl2); B) 10 mg/L FeCl3, 10 mg/L ZnCl2; C) 10 mg/L FeCl3,
25 mg/L ZnCl2; D) 10 mg/L FeCI3, 50 mg/L ZnCI2; E) 10 mg/L FeCl3, 75 mg/L ZnCl2.
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was the study on the effects of a combination of ferric chloride and zinc chloride on the
growth of A. nidulans. As illustrated in Figure 8A-E, the growth of A. nidulans was
slightly inhibited when grown in 3M media containing 10 mg/L ferric chloride and 10
mg/L zinc chloride in comparison to the control. The turbidity and cell number were
slightly less than the control due to the lag phase at the start of the study (Figure 8A-B).
The pH values also reflected the growth of A. nidulans in the presence of iron and zinc
(Table 3). However, concentrations of 25 mg/L and higher resulted in the complete
inhibition of the growth of the cells. These results are contrary to a study done to assess
the effects of zinc alone on the growth of A. nidulans (20). According to the Lee et al.
(20) study, there was some growth, less than the control, but growth nonetheless; whereas
in the present study, the growth seemed to be completely inhibited at a ZnC^
concentration of 25 mg/L. The mean pH measured at the end of the experiment was
higher than the cells grown in the presence of a higher concentration of zinc. This is
probably because there were living cells within the inhibited culture. If the culture was
completely inhibited, the pH would have been lower, and similar to the pH values of the
cultures grown in the presence of higher zinc concentrations. It was assumed at the start
of the study that iron would have a protective effect against the toxic levels of zinc.
However, it seems as though that was not the case. Growth was completely inhibited at
the highest concentrations. This phenomenon is probably attributed to different uptake
mechanisms that iron and zinc have. According to a study on iron and zinc levels in
humans, it was indicated that increased levels of zinc and iron allowed for less cellular
zinc absorption leading to underdevelopment of children (41). In bacteria, there are
magnesium cation transport systems which act with the unspecific and fast uptake of both
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Fe3+ and Zn2+. This is indicative probably of an increased toxicity in A. nidulans when
grown in the presence of both iron and zinc. As stated previously, different organisms
display different responses to varying concentrations of heavy metals.
Concentrations
Iron (mg/L)
Zinc (mg/L)
0
0
10
10
10
25
10
50
10
75

pH (Mean)
Day 1
7.90
7.90
7.90
7.90
7.90

Day 22
9.47
9.65
8.02
7.83
7.64

Table 3.
Time dependent changes of mean pH in cultures of A. nidulans in varying
combinations of concentrations of ferric chloride (0-10 mg/L) and zinc chloride (0 - 50 mg/L).

The second of the iron combination studies done was the study on the effects of
ferric chloride and cadmium chloride on the growth of Anacystis nidulans (Figure 9A-F).
Growth of the culture containing 10 mg/L FeCl3 and 5mg/L CdCh was slightly inhibited
in comparison to the control. Growth was evident, but progressed slowly. The color of
the culture was a light green at the end of the study, whereas the control was dark green
in color. The pH of the culture was slightly lower than that of the control, reflecting the
amount of growth (Table 4). However, in the 10 mg/L FeC^, 10 mg/L CdCL culture,
there was a slight increase in growth after a lag period of five days, which lasted to about
day eleven. During this period, the color of the culture was a light turquoise blue, and not
the blue-green color characteristic of cyanobacteria. This suggested that combinations of
iron and cadmium may affect chlorophyll severely but not phycocyanin. The cell number
and turbidity measurements decreased rapidly leading to complete inhibition of the cells’
growth (Figure 9C). This result is also reflected in the pH measurement, which was lower
than the measurement taken at day 1 (Table 4). Concentrations of cadmium chloride
higher than 25 mg/L completely inhibited the growth of the cells as illustrated by figures
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9D through 9F. This was indicated by the clear color of the cultures, as well as the low
optical density measurements and low cell number in comparison to the control.
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Figure 9.
Growth of Anacystis mdtdans in 100 mL 3M medium containing FeCl3 (0-10
mg/L) and Cd€l2 (0-50 mg/L). Error bars represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L CdCl2); B) 10 mg/L FeCl3, 5 mg/L CdC12; C) 10 mg/L FeCl3
10 mg/L CdCl2; D) 10 mg/L FeCl3, 20 mg/L CdCl2; E) 10 mg/L FeCl3, 25 mg/L CdCl2; F) 10
mg/L FeCl3, 50 mg/L Cd£l2.
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Concentrations
Iron (mg/L)
Cadmium (mg/L)
0
0
10
5
10
10
10
20
10
25
10
50

pH (Mean)
Day 1
Day 18
7.9
9.13
7.9
8.98
7.9
7.80
7.9
7.72
7.9
7.73
7.9
7.54

Table 4.
Time dependent changes of mean pH in cultures of A. nidulans in varying
combinations of concentrations of ferric chloride (0-10 mg/L) and cadmium chloride (0 - 50
mg/L).
The low pH values correlate with the amount of toxicity of iron and cadmium on
the growth of the cells (Table 4). A study conducted on the effects of cadmium on marine
bacteria stated that inhibition of cells occurred at a concentration of 25 mg/L CdCl2 and
greater (16). Also, a study conducted on the effects of cadmium on the growth of the
green algae, Chlamydomonas reinhardtii, demonstrated that 25 mg/L cadmium chloride
severely inhibited the growth of the culture, but only concentrations greater than that
were algacidal (2). Altogether, these results indicate that iron did not have an antagonistic
effect on the toxicity of cadmium. It also seems that the combination was more toxic than
just cadmium alone when compared to the previous studies. It is possible that the
concentration of iron might have enhanced the toxicity of even the lower concentrations
of cadmium.
The third combination study, the effect of ferric chloride and mercuric chloride on
the growth of Anacystis nidulans, has been carried out. The results of the combined
effects of selenium dioxide and mercuric chloride on the growth of A. nidulans indicated
that no significant protective mechanism was found at normally toxic levels of mercury

34

(22). Although, a study on the effects of mercury on C. reinhardtii indicated that
increased concentrations of mercury (up to 5 mg/L HgCF) extends the lag phase of the
21-day growth period (40). Based on this, it is possible that with the presence of iron in
the media, this lag time can be decreased, therefore reducing the toxicity of mercury in a
given culture. In figure 10, the lag phase of the cultures grown in the presence of ferric
chloride and mercuric chloride seemed to exhibit a lag phase that lasted until day 10. By
day 15, the cultures grown in 0.5 and 1 mg/L HgCl2 had started with the exponential
growth phase. However, growth was not observed in the cultures grown in 5 mg/L HgCl2
until the end of the study, at day 21. This was also apparent in the morphological study.
In the ten days of growth, the cells in the control had already taken on a shorter
morphology, because it was in exponential growth phase, whereas the cells grown in the
presence of the ferric chloride and the mercuric chloride still had the long cell
morphology (Figure 11). The cells grown in the presence of 10 mg/L ferric chloride and
0.5 mg/L mercuric chloride had a lighter green color when compared to the control
(Figure 11A-C). The colors of the cells progressively became lighter as the concentration
of mercuric chloride increased. This is probably due to the highly toxic effects that
mercury normally has on microorganisms. In figure 11 D and E, cell fragments are
visible in the vicinity of the long cells. According to Pant (33), lowered growth due to the
toxic effect of mercury has been attributed to the altered supply of energy and reductants,
and leads to eventual cell lysis at elevated concentrations of mercury. The pH study done
also demonstrated the above results (Table 5).
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Figure 10.
Growth of Anacystis nidulans in 100 ml 3M medium containing varying
concentrations of feme chloride (0-10 mg/L) and mercuric chloride (0 -5 mg/L). Error bars
represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L HgCl2); B) 10 mg/L FeCl3, 0.5 mg/L HgCl2; C) 10 mg/L
FeCl3, 1 mg/L HgCl2; D) 10 mg/L FeCl3, 5 mg/L.
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Figure 11.
Light microscope images of
Anacystis nidulans at 1000 times
magnification. A) Image of cells at day 1 of
inoculation into 100 mL of 3M medium. B)
Image of control cells grown in 100 mL 3M
medium at day 10 post-inoculation.
C) Image of cells grown in 100 mL 3M
medium containing 10 mg/L FeCl3, 0.5
mg/L HgCl2 at day 10 post-inoculation. D)
Image of cells grown in 100 mL 3M
medium containing 10 mg/L FeCl3, 1 mg/L
HgCl2 at day 10 post-inoculation. E) Image
of cells grown in 100 mL 3M medium
containing 10 mg/L FeCI3, 5 mg/L HgCl2 at
day 10 post-inoculation.
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Concen trations
Iron (mg/L)
Mercury (mg/L)
0
0
10
0.5
10
1
10
5

pH (Mean)
Day 21
Day 1
7.9
9.79
9.67
7.9
7.9
9.61
9.72
7.9

Table 5.
Time dependent changes of mean pH in cultures of A. nidulans in varying
combinations of concentrations of ferric chloride (0-10 mg/L) and mercuric chloride (0 -5
mg/L).

The pH values above 9 indicate that there was growth within the cultures by the
end of the study. The pH results obtained from this study did not correlate with a
previous study done on the organism Chlamydomonas reinhardtii (40). Apparently, there
was growth evident after day 14 post-inoculation of the 5 mg/L HgCl2 culture, but the
mean pH measurement taken at 21 was 7.2, whereas in the present study, the mean pH
was well above 9. This could be attributed to the different metal binding mechanisms
within A. nidulans.

III.

Isolation of possible resistant cells from ferric chloride and mercuric
chloride combined cultures
a.

First passage

The fact that a cyanobacterium could tolerate highly toxic heavy metal
concentrations is of great interest to many scientists. In order to demonstrate whether this
was resistance, or a natural response to mercury in combination with iron, cells grown in
the presence of 10 mg/L ferric chloride and 0.5 mg/L HgC^ were grown to stationary
phase, and reinoculated into fresh 3M medium containing various concentrations of
mercuric chloride (0 -1 0 mg/L), and a constant concentration of ferric chloride (except
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for the control, which received no ferric chloride)(10 mg/L). The results of the first
passage (Figure 12A-E) seem to have mimicked the results of the primary experiment.
The lag phase of the cells grown in 0.5 mg/L HgC^have a less pronounced lag phase.
The culture did initially turn clear, but by day 10, growth in the culture was evident as the
green color in the flask appeared. The mean pH measurement at the end of the
experiment also reflected these results (Table 6). It was not as high as the control’s pH,
which was over 9, but it was close. The lag phase of the cells grown in 1 mg/L HgC^ had
the same lag phase as in the initial growth experiment (Figure 10 and 12). Exponential
growth did not become pronounced until day 15 of the study. The mean pH however was
ironically low for a culture with a sufficient amount of growth. This is probably due to
the early termination time for the study. If the time lapsed for the study had been over
twenty days, the pH measurements would probably had been more basic in nature. The
cultures containing 5 and 10 mg/L HgC^ remained clear throughout the 18 days.
However, it is worth noting, that by day 24, after the study had been completed, one of
the flasks containing the culture grown in the presence of 10 mg/L FeC^ and 5 mg/L
HgCl2 became green, indicating the presence of growth, the other flask, however,
remained clear. Therefore, the low pH measurement taken at day 18 did not reflect the
ability of the culture to exit a lag phase and enter log phase. The culture grown at the
highest concentration of mercury was clear throughout the experiment, indicating that
this concentration was cyanocidal. This was also reflected by the results from the pH
measurements (Table 6).
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Cells/mL xl 0^7 (Mean)
Cells/mL xl 0*7 (Mean)
Day
Figure 12.
Growth of Anacystis nidulans in 100 ml 3M medium containing varying
concentrations of feme chloride (0 - 10 mg/L) and mercuric chloride (0 -5 mg/L); First passage.
Error bars represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L HgCl2); B) 10 mg/L FeCl3, 0.5 mg/L HgCl2; C) 10 mg/L
FeCl3, 1 mg/L HgCl2; D) 10 mg/L FeCt3, 5 mg/L; E) 10 mg/L FeCl3, 10 mg/L HgCl2.
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Concen trations
Iron (mg/L)
Mercury (mg/L)
0
0
10
0.5
10
1
10
5
10
10

pH (Mean)
Day 1
Day 18
7.9
9.01
8.40
7.9
7.9
7.90
7.32
7.9
7.25
7.9

Table 6.
Time dependent changes of mean pH in first passage cultures of A. nidulans in
varying combinations of concentrations of ferric chloride (0-10 mg/L) and mercuric chloride (0
- 10 mg/L).

b. Second passage.
In this passage, cells from the individual concentrations of the first passage were
inoculated into the same concentration and into only 3M medium as a control. This was
done to check if each culture of A. nidulans had at least tolerance to the levels of ferric
chloride and mercuric chloride that it had already been exposed to. Figure 13A is the
mean of the optical density and cell numbers for the three controls. Each control flask
contained cells from each concentration of mercuric chloride in the first passage. The
initial optical density of the inoculated flasks at the different concentrations of heavy
metals was approximately 0.2 (OD 750 nm)- The time span used for this study was longer
than that of the first passage. This was done in order to eliminate false pH measurements.
Figure 13B illustrates cells grown in the presence of 10 mg/L ferric chloride and 0.5
mg/L mercuric chloride. The lag phase in this culture is much less pronounced than the
previous passage. The cells grew at approximately the same rate as the controls. The pH
of this culture exceeded the pH of the control. This could be attributed to the fact that the
control was already entering stationary phase as indicated by the standard growth curve
(Figure 13A). The cells morphology was mixed throughout the experiment. There were
mostly short cells, but there were sufficiently long cells found.
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Figure 13.
Growth of Anacystis nidulans in 100 ml 3M medium containing varying
concentrations of feme chloride (0 —10 mg/L) and mercuric chloride (0 - 5 mg/L); Second
passage.
A) Control (0 mg/L FeCl3, 0 mg/L HgCl2); B) 10 mg/L FeCl3, 0.5 mg/L Hg€l2; C) 10 mg/L
FeCl3, 1 mg/L FlgCl2; D) 10 mg/L FeCl3, 5 mg/L

Concentration
Iron (mg/L)
Mercury (mg/L)
0
0
10
0.5
10
1
10
5

pH
D a y1
7.9
7.9
7.9
7.9

Day 22
9.44
9.50
9.42
9.35

Time dependent changes of mean pH in second passage cultures of A. nidulans in
varying combinations of concentrations of ferric chloride (0—10 mg/L) and mercuric chloride (0
- 5 ipg/L).
Table 7.
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The culture grown in 10 mg/L ferric chloride and 1 mg/L mercuric chloride
exhibited no lag phase as in the previous passage and the initial study. This is probably
because the initial optical density of the culture was approximately 0.2 (at 750 nm). This
made it more possible for cells that adapted to the conditions of the first passage, whether
genetically or physiologically, just because there was a larger quantity of cells. This
culture even went into stationary phase quicker than the culture with the lower
concentration of cadmium (Figure 13C). However, the pH was slightly lower than the
control’s and lower than the culture with the lower concentration of mercury (Table 7).
The morphology of the cells within this culture was short cells (refer to Figure 1IB for a
picture of short A. nidulans cells).
The culture grown in 10 mg/L ferric chloride and 5 mg/L mercuric chloride
exhibited a lag phase as the previous passages. However, once the cells exited lag phase
and entered the exponential, the cells’ optical density quickly rose past an OD75onmof
1.0. This is supported by a study done by Pant (33). Cyanobacterial cells challenged with
the same concentrations as exhibited in the present study appeared to initiate a quick
multiplication rate after the recovery lag phase (33). This can be demonstrated by the
quick jump in optical density between days 15 and 22 in figure 12D. However, all
throughout the study, the morphology of the cells remained as short rods with a lighter
green color than the control. This might be an effect of the high concentration of mercury
within the growth medium. The pH measurement reflected the data above (Table 7). As
exhibited in the initial ferric chloride, mercuric chloride pH measurements, the pH of this
culture was above 9, indicating that there was a sufficient amount of growth.

c. Third passage.
In order to determine the viability of the cells resistant to the presence of the
heavy metals iron and mercury from the second passage, the cells were passaged once
again into 3M medium containing the various concentrations of mercury and a constant
iron concentration. However, the cells were washed twice with 3M medium only, and
returned into their corresponding heavy metal concentrations. All cultures had an
approximate initial optical density (750 nm) of 0.04. This was done to determine if the
cells would thrive in the heavy metal concentrations. At this point, there were two factors
affecting the growth of the cells. In contrast to the last passage, this one started at a much
lower initial optical density, and the cells were washed twice. If the tolerance is genetic,
washing the cells in media should not have affected their ability to grow in the media
containing the heavy metal concentrations.
The cells growing in the presence of 10 mg/L ferric chloride and 0.5 mg/L
mercuric chloride had very similar growth curves (Figure 14A-B). There were even
points which exceeded the optical density and cell number of the control. This was also
confirmed by the pH study (Table 8). The pH of the culture grown in the presence of
ferric chloride and mercury were higher than the control. The morphology of the control
cells (Figure 15B) at day 18 post-inoculation is very similar to the morphology of the
cells grown in the presence of 0.5 mg/L mercuric chloride (Figure 15C). The cells have
undergone 3 passages, and a difference in morphology is evident. The cells are mostly in
“doublets” probably indicating that they are still in exponential growth. The color of the
cells is darker than the control cells. This was also evident during the course of the study,
the green color of the culture within the flask was darker than the control. Since mercury
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OD 750 nm (Mean)
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Ceüs/mL xl 0A7 (Mean)

Figure 14.
Growth of Anacystis nidulans in 100 ml 3M medium containing varying
concentrations of ferric chloride (0-10 mg/L) and mercuric chloride (0 - 5 mg/L); Third
passage. Error bars represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L HgCl2); B) 10 mg/L FeCl3, 0.5 mg/L HgCl2; C) 10 mg/L
FeCl3, 1 mg/L HgCl2; D) 10 mg/L FeCl3, 5 mg/L

Concentrations
Iron (mg/L)
Mercury (mg/L)
0
0
10
0.5
10
1
10
5

pH (Mean)
Day 1
Day 18
7.90
10.37
7.90
10.55
7.90
10.55
7.90
9.05

Table 8.
Time dependent changes of mean pH in third passage cultures of A. nidulans in
varying combinations of concentrations of ferric chloride (0 —10 mg/L) and mercuric chloride (0
- 5 mg/L).
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Figure 15.
Light microscope images of
Anacysîis nidulans at 1000 times
magnification. A) Image of cells at day 1 of
inoculation into 100 mL of 3M medium. B)
Image of control cells grown in 100 mL 3M
medium at day 18 post-inoculation. C) Image
of cells grown in 100 mL 3M medium
containing 10 mg/L FeCl3, 0.5 mg/L HgCl2 at
day 18 post-inoculation. D) Image of cells
grown in 100 mL 3M medium containing 10
mg/L FeCl3, 1 mg/L HgCl2 at day 18 post
inoculation. E) Image of cells grown in 100 mL
3M medium containing 10 mg/L FeCl3, 5 mg/L
HgCl2 at day 18 post-inoculation.
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exhibits toxicity to the photosynthetic apparatus within photoautotrophic organisms, there
may be a resistance mechanism involved so that the toxicity will not affect this vital part
of A. nidulans cells. It is possible that the mercury has an effect on the septum formation
in the cell wall after cell division occurs. It has been demonstrated in green algae that a
thick gelatinous capsule is formed around cells upon exposure to mercury (40) The
adaptation of the cells to this concentration of mercury may be genetic in nature.
The cells growing in the presence of 10 mg/L ferric chloride and 1 mg/L mercuric
chloride did have a lag phase similar to that which occurred in the first passage.
Although, this lag phase was shorter by two days, by day 10, there was evident growth, as
the culture was green in color by that time. This is, again, attributed to the fact that the
initial culture had a low number of cells, a low optical density, and the cells were washed
twice. When the culture was at 15 days post-inoculation, growth was marked, and it
quickly increased as indicated in figure 14C. The mean pH of the cultures was also higher
than the control, indicating that there was no toxicity exhibited by mercury at the end of
the study (Table 8). The morphology of the cells resembled that of the control and the
treated cells (0.5 mg/L mercuric chloride). The “doublet” feature was not as prevalent,
but the dark green color also exhibited by the previous treated culture also occurred in the
1 mg/L mercuric chloride treated cells. The color of the culture, by day 18, was darker
than the control, also indicating that there might be a resistance mechanism against
mercury’s ability to damage the photosynthetic machinery. Also, it might be the
protective involving the iron from the ferric chloride. This is because iron is an essential
part of the electron transport chain of photosynthesis among other functions needed for
the viability of the cells.
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The cells growing in the presence of 10 mg/L ferric chloride and 5 mg/L mercuric
chloride also had a lag phase similar to the lag phase exhibited in the first passage.
However, by day 15, there was pronounced growth in one flask of one trial, and not the
other. Which is why the error bars are so large. The reason this might have occurred is
again for the same reasons stated above, there was a low cell number to begin with and
the cells were washed twice. This is especially important now because if there were any
membrane factors sequestering this normally high level of toxicity, they were washed
away during that time. The mean pH of the culture was high enough to conclude that
there was a significant growth, however, as stated above, one of the cultures had a much
longer lag phase then the other (Table 8). The pH of the culture that did grow was well
over 10, while the other was lingering around 7.8. It is important to note, however, that
the culture that hadn’t grown did exhibit growth 22 days post-inoculation. This indicates
that the culture was not completely inhibited as in the second flask mentioned in the first
passage. The morphology of the culture was different than the others mentioned
previously. They exhibited a bacillococcus shape and not the typical rod shape that A.
nidulans takes on. Also, there were many chains of three or more cells. Again this returns
to the previous study done on the green algae, which stated that mercury causes cells to
have a thick, gelatinous capsule formed (40). This is what is probably not allowing the
cells to divide completely. The cells could be having difficulty developing a septum to
help the cells completely divide. The color of the cells was bleached, lighter than normal,
indicating that the photosynthetic pigments have been affected by the presence of
mercury. This bleached appearance was also evident in the initial ferric chloride,
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mercuric chloride study. But the shape of the A. nidulans cells has changed significantly
since the initial study.

d. Verification of possible resistance.
In order to determine whether the cells isolated in the second passage are
resistant, the cells grown in the 10 mg/L ferric chloride and 5 mg/L mercuric chloride
were washed twice and reinoculated into each of the following concentrations of mercury
(with 10 mg/L ferric chloride): 0.5, 1, and 5 mg/L HgCl2 (Figure 16). The results
demonstrated that the cells grown in the presence of 10 mg/L ferric chloride and 0.5
mg/L mercuric chloride had a growth curve even better than that of the control. The cells
exhibited a larger cell number and a higher turbidity measurement. Since these cells
originated from a culture that was possibly resistant to a concentration of 5 mg/L
mercuric chloride in the presence of 10 mg/L ferric chloride, this is probably indicative of
a possible genetic resistance mechanism.
Concentrations
Mercury (mg/L)
Iron (mg/L)
0
0
0.5
10
1
10
10
5

pH (Mean)
Day 18
Day 1
10.38
7.90
10.43
7.90
10.64
7.90
9.05
7.90

Table 9.
Time dependent changes of mean pH in third passage possible resistant cultures
of A. nidulans in varying combinations of concentrations of ferric chloride (0-10 mg/L) and
mercuric chloride (0 -5 mg/L).
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C dlsfaL xl 0A7 (Mean)
Cdls/mL xl 0A7 (Mean)
O

Cdls/mL xlOA7 (Mean)

Figure 16.
Growth of Anacystis nidulans in 100 nil 3M medium containing varying
concentrations of feme chloride (0-10 mg/L) and mercuric chloride (0 —5 mg/L); Tliird passage
verification of possible resistance of cells grown in 10 mg/L FeCl3 and 5 mg/L FlgCl2. Error bars
represent standard deviation.
A) Control (0 mg/L FeCl3, 0 mg/L HgCl2); B) 10 mg/L FeCl3, 0.5 mg/L HgCI2; C) 10 mg/L
FeCl3, 1 mg/L HgCl2; D) 10 mg/L FeCl3, 5 mg/L
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The cells grown in the presence of 1 mg/L mercuric chloride exhibited a shorter
lag phase than the previous passages (Figure 16C). The lag phase in the previous
passages were 10 days in length. For this study, the length of the lag phase was five days.
At that point, growth became evident as the color of the culture within the flask became
green. This is also indicative of a possible genetic resistance mechanism. The pH of the
culture was also an indication that there may be genetic resistance involved. The mean
pH of the culture was well above the both the control and the lower concentration of
mercury (Table 9). This is ironic because the final cell number and optical density were
lower than the control and the lower concentration of heavy metal. This probably has to
do with the use of hydrogen ions (H+) used in photosynthetic reactions (40).
The cells grown in the 10 mg/L ferric chloride and 5 mg/L mercuric chloride were
the same cells obtained for the third passage (page 45).

IV.

Verification of possible resistance by plating on 2% 3M agar gradient
plates.
a. 2% 3M agar gradient plates with 10 mg/L FeCf? and 0.5,1 and 5 mg/L

HgCl2
Cells originating from the third passage were swabbed onto sterile 2% 3M agar
gradient plates. As indicated in figure 17, as the concentration of the heavy metals
increased, so did the density of cells on the plate. It took very long for growth to appear
on the plates, over 4 weeks. One week prior to when this picture was taken, there was
very little growth in the portion of the plate where there was the highest concentration of
heavy metals. As indicated by the growth curves of the third passage (Figure 14B), there
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was a time of increased growth in the treated cells versus the controls. This is another
example of the phenomenon.

Increasing
concentration of
10 mg/L FeCl3
and 0.5 mg/L
HgCl2

Figure 17.

2% 3M agar gradient plate with 10 mg/L FeCl3 and 0.5 mg/L HgCl2.

Cells swabbed onto a plate containing 10 mg/L ferric chloride and 1 mg/L
mercuric chloride were more dense on the portion of the gradient plate that was 3M agar
only (Figure 18). As the concentration of the heavy metals rises, the number of colonies
decreases, however the presence of resistant colonies is evident. They were smaller and
much more sparse, but were present.
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Increasing
concentration of
10 mg/L FeCl3
and 1 mg/L HgCl2

Figure 18.

2% 3M agar gradient plate with 10 mg/L FeCl3 and 1 mg/L HgCl2

Cells swabbed onto a plate containing 10 mg/L ferric chloride and 5mg/L
mercuric chloride contained very little to no growth on the portion of the plate that
contained the highest heavy metal concentration (Figure 19). There were three colonies
that were white and pinhead-like on the portion of the plate with the high concentration
of heavy metals. According to a study done by Pant (33), the emergence of the white
pinhead like colonies became evident in the concentrations higher than 1.5 mg/L

Figure 19.

2% 3M agar gradient plate with 10 mg/L FeCl3 and 1 mg/L HgCl2
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The emergence of these colonies at such a high concentration may be because of an
antagonistic effect that iron has on the toxicity of mercury. It also may be because of the
emergence of genetic mechanisms that protect the photo synthetic machinery and
ultimately protect from occurrence of cell lysis.

III.

Verification of possible resistance by plasmid mini-prep and gel

electrophoresis.
Cells were prepared using the standard Qiagen mini-prep to obtain plasmid DNA
found within the organism, and were then run on an agarose gel to determine the presence
of the plasmid (Figure 20). As indicated in figure 20, the marker used was Hi-Lo. As
controls for the miniprep procedure, E. coli cells transformed with a plasmid containing
resistance to ampicillin was used. To further verify that the pAmp plasmid was present,
the plasmid was digested with the restriction enzyme BamHI and resulted in the
appearance of three bands (the fourth was too small to visualize, and most likely ran off
the gel). The lanes containing plasmid miniprep products from A. nidulans are indicated
in figure 20. Lanes 4 and 5 had faint bands of high molecular weight. A closely related
organism, Synechococcus PCC 7942, contains plasmids that have already been identified
and can be found on www.ncbi.nlm.nih.gov. One of the plasmids found is over 40,000
base pairs in length, while the other one is approximately 8000 base pairs. Given that
such large plasmids exist within this closely related organism, it is possible that the
plasmid that exists within A. nidulans is also exceedingly large. This might explain how
the bands appeared so high up the agarose gel in comparison to the 10,000 base pair mark
of the Hi-Lo marker.
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Lane 1 2 3 4 5 6

Figure 20.
Electrophoresis gel of the plasmid DNA isolated from third passage A. nidulans
grown in varying concentrations of ferric chloride and mercuric chloride.
Lane 1 and 7: Hi-Lo DNA marker; Lane 2 and 8: E.coli pAmp plasmid miniprep; Lane 3 and 9:
E. coli pAmp plasmid DNA digested with BamHI; Lane 4: plasmid DNA from A. nidulans cells
grown in the presence of 10 mg/L FeCl3 and 0.5 mg/L HgCl2; Lane 5: plasmid DNA from A.
nidulans cells grown in 10 mg/L FeCl3and 5 mg/L HgCl2 and passaged into media containing 10
mg/L FeCl3and 0.5 mg/L HgCl2; Lane 6, 10 and 13: plasmid from control cells; Lane 11: plasmid
DNA from A. nidulans grown in the presence of 10 mg/L FeCl3and 1 mg/L HgCl2; Lane 12:
plasmid DNA grown in the presence of 10 mg/L FeCl3and 5 mg/L HgCl2passaged into media
containing 10 mg/L FeCl3and 1 mg/L HgCl2; Lane 14: plasmid DNA from A. nidulans cells
grown in the presence of 10 mg/L FeCl3and 5 mg/L HgCl2.
It is important to note the intensity of the bands that appeared on the agarose gels.
It seems that with an increasing concentration of heavy metals, the bands intensities also
increased. It is possible that upon exposure to heavy metals like mercury, a plasmid
expression is induced in high numbers in comparison to the control. This phenomenon
has been noted in bacterial resistance to mercury. Three generalizations have been made:
1) plasmid-determined heavy metal resistance systems are very specific, there is no
general mechanism for all heavy metal ions. 2) Metal-ion resistance groups have been
found on plasmids of every eubacterial group. 3) The mechanisms of pumping generally
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involve efflux pumping and enzymatic detoxification (36). It is less energy costing to
have the plasmid genes available and can spread when needed, than to have specific
uptake pumps (36).
A possible source of error may have been that the plasmid DNA could have been
stuck in the spin column leading to ambiguous results. A standard alkaline lysis miniprep
should be performed to confirm the results above.
IV.

Attempt to verify possible resistance mechanism by amplification of A.
nidulans’ metallothionein (MT II) by PCR amplification and gel
electrophoresis.
The metallothionein forward and reverse primers were synthesized and were used

to prime cells from the third passage grown in the presence of different concentrations of
heavy metals as described previously. Unfortunately, this study did not generate any
significant results. Agarose gels of the PCR products did not contain any banding except
for banding across the bottom of the gel indicating the presence of only primer dimers.
The volume of A. nidulans DNA added to the reaction mix may have been too little. In
order to achieve better results, the chromosomal DNA generated by the “quick and easy”
method may have needed to be further cleansed by a phenol/chloroform extraction and
ethanol precipitation. Also, it could be that the region chosen for the primers may not be
conserved between A. nidulans and Synechococcus PCC 7942.
Future Studies
There is much more research that can be done to verify that the cells are
genetically resistant to the toxicity of mercury. First of all, more passages of the resistant
cells need to be done to monitor the growth and behavior of the cells. Secondly, it is
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important to monitor morphology of the cells as the cells acquire resistance. Thirdly,
since mercury affects the photosynthetic machinery within the cell, it would be helpful to
monitor the chlorophyll and phycocyanin content of the cell by turbidity studies.
Fourthly, it is important to verify the presence of metallothionein (MT II) within the
organism by PCR. Once the existence of MT II is verified in Anacystis nidulans, it can be
assessed if its expression is increased under heavy metal stress, and in particular with the
presence of mercury. Lastly, if the metallothionein does not play a role with resistance to
mercury, then it needs to be assessed whether there are mercury resistance determinants
in plasmids like in bacteria.
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Conclusion
Anacystis nidulans, an ubiquitous cyanobacterium, has been used as an indicator
of toxicity in many studies. It is an important organism because it is an essential part of
the food chain for aquatic organisms. The manner in which it responds to the presence of
toxic heavy metals is of great interest to scientists. The ability of A. nidulans to thrive in
certain toxic heavy metal concentrations can be a great disadvantage to higher organisms.
However, as humanity becomes more and more aware of how toxic pollutants can have a
negative effect on the ecosystem, it is necessary to harness this ability and make it
advantageous for the environment. Bioremediation is an excellent way to make use of
cyanobacteria’s ability of removing heavy metals from the environment.
In this study on the effects of heavy metals, we concluded that with the presence
of a low concentration of ferric chloride, 10 mg/L FeCh, toxic levels of mercury (1 and 5
mg/L) can be tolerated by Anacystis nidulans. The presence of iron within the growth
medium has been shown to be important in reducing the toxicity of mercury as the cells
are passaged. There was a sufficient decrease in lag phase that the cells undergo in the
presence of the mercury. The passaging of the cells also has to do with the tolerance of A.
nidulans to mercury. Cells adapted to the heavy metals they were growing in by possible
resistance mechanisms (Figures 21, 22, 23). The molecular resistance was demonstrated
by an agarose gel that contained plasmids from cells treated with the different heavy
metal concentrations; as indicated by the banding on the agarose gel, the high molecular
weight bands may be large naturally occurring plasmids found within A. nidulans.
Banding appeared in the lanes to which plasmids from heavy metal treated cells were
added. The intensity of the band increased with the concentration of heavy metal in the
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cells’ growth medium. There may be plasmid overexpression induced by the presence of
the heavy metal, mercury, indicating a molecular resistance mechanism.

Growth of A. nidulans in 10 mg/L FeCh and 0.5 mg/L HgC^

♦ Initial FeHg study
■ First passage
▲ Second passage
X

Third passage

X Resistant passage

Growth of A. nidulans in 10 mg/L FeCl3 and 0.5 mg/L ttgCl2

♦

Initial FeHg study

■ First passage
▲ Second passage
X Third passage
X Resistant passage

Days

Figure 21.
Summary of all passages of A. nidulans in 3M media containing 10 mg/L FeCf
and 0.5 mg/L HgCb-
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Growth of A. nidulans in 10 mg/L FeCl3 and 1 mg/L HgCl2
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Growth of A, nidulans in 10 mg/L FeCl3 and 1 mg/L HgCl2
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Figure 22.

Summary of all passages of A. nidulans in 3M media containing 10 mg/L FeCl3
and 1 mg/L HgCI2.
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Growth of A. nidulans in 10 mg/L FeCI3 and 5 mg/L HgCl2

♦

Initial FeHg study

■ First passage
A Second passage
X Third passage

Growth of A nidulans in 10 mg/L FeCl3 and 5 mg/L HgCl2

♦

Initial FeHg study

■ First passage
A Second passage
X Third passage

Figure 23.
Summary of all passages of A. nidulans in 3M media containing 10 mg/L FeCl3
and 5 mg/L HgQ2.
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Appendix
I. PCR primer sequence information. Primer for metallothionein region from
an organism similar to A. nidulans, Synechococcus PCC 7394.
Invitrogen Custom Primers
Forward primer number: 94910C12; Reverse primer number 94010D01.

» Custom Primers - OligoPerfect™ Designer

S tep 3: Sele ct Detection P rim ers
The primers designed for your target sequence are displayed below it. Use the scrollbar to the right of the primer list to view
them. To see where the primers will anneal to the target sequence, click on the "Highlight Target Sequence" button below
each set. To change the Primer Sequence or 5' Addition, click on the edit icon to the left of each sequence and an editing
window will appear. To select a primer for purchase, click on the box to the left of the Primer Name.

S e q u e n c e Name:
gi|46490 PCC7942 smtAsmtB

Target S e q u e n c e :
1
101
201
301
401
501
601
701
801
901
1001
1101
1201
1301

1
10
20
30
40
50
60
70
80
90
AAGCTTTMTMflfiCGAGCGCCGClMCTBjCMCi^TEGMCftflGMCGCTGCCTG^TGCCCflMCATTCTTGGGCATGACfiGflGCflGGiiTGC'ISiCTG
CGMCGCCCCGi&CflGTCCCCMCCGATTTCTGCCT&ftGGTGCATCTCTIlGCGflGMTCTTGTSflGTGATCGAGGGCGTT'n'GJi'ISfiflGCGCCACflftTGT
GATGftTCCTGTMCTGGmGmG^TGCCGCCGrraCTOCGRTMCTCftCCflGCCGCflGATTEiCGGfiGCGftTCGCiUlTTGGTGfljGfiiCftCCGCCGftTTC
GGflMCMCraTTGCCTGGGCCf^TCCCCflACiU»GMCTCCGinCGCGCTHRlCMGGftCRGCftftCCGCftGTCGATTTGGATCGGCCflGCflCTGCflflflft
£^TTCGGCTMCGMTGGGCi^TTCGGGTGCGfl.TCGCTTGflftGCTCCGflGGCGfl.TCGCCGCftTGftGTCCCTTGGCAGflCTSCCGTCTCTCCGTCCTGCft
GCMTGGTTTTGTCftTGMCCARTCi^GGTrTGTCCi^CCi^CAlMCTGfiflTCiUlGATTCi^TGTTMGCTEiiUOU^TCfliOkGTiaTrCftGfiTEiTT
CflfiMGMTTCCTClt^TGMCTCiUlCf^GTIGGTCflMTGCGCTTGTGfiGCCCTGTCTCTGCflfiGGTCGftTCCCRGCftRRGCGftTCGfl.TCGCflftCGGT
CTGTRCTitCTGCRGCGfiilGCCTGTGCCGATGGCCflCflCCGGTGGTIiGCARflGGCTGCGGCCfljCACCGGCTG'IHACTGCCftCGGC’IBR.TCflflGTGTTTCCC
TCCT^TCCCCCaTC^TCGMMCCGCTGGCTCCTCflaTCflTGGGCCflGCGGTIIGilTmTmmGGfiGGTGCGftTCGCGCflGCTTmCflACCCCTElCT
CGCCGGTGftTCGftGAGACCTrCGfiJCCCMftCftGCCGGGGftftftTCCCRCCGGGCGTGftTC'rGGGCGaTCGCftTCGftCTTGGftCGft'mTGTGGGflftCflGTTC
CCGM^TGGCCTGCfiMGGrrcCTGATTCGaTGftTGMGCGftTGGCGTTTGATTGflCCflflGGilGCCftTCftftflGGGCilGCGflGflACGftGCCTTGCflflGGft
CTGitfUraCCGCftlGGMCGCTTGCflGMraTCGfiTCMGMlCACftGMTCGGCCGT&TCGfiGGCTC&GTTCCGATCGTGCTTCCGCGGCTTCGflC'mCC
CCi^TGGGGGCTl^GGTGi^TnSGCCCCflftGGTTGGCGTGftCCGGTCGGGCTGGCflCCCGftTCGCTffiGCCGTCGCCCGftC'niTGCflflGfiATT'ma
AGTflGflGCGGCTI'CflflTCflfiGGGGftG
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